High spatial resolution observations of solar active regions in soft X-rays and centimetric wavelengths are compared using a direct overlay technique. The X-ray data, obtained by the S-054 experiment on Skylab, consist of full-disk photographic images with a spatial resolution of 2".
I. INTRODUCTION
In the last few years, extensive work, both theoretical and observational, has been done on the structure of solar active regions in the transition region and low corona (e.g., Jordan 1975 Jordan , 1976 Landini and Monsignori-Fossi 1975; Davis et al. 1975; Neupert, Nakagawa, and Rust 1975; Foukal 1975 Foukal ,1976 Cheng, Doschek, and Feldman 1976; Kundu et al. 1911 \ Rosner, Tucker, and Pye et al. 1978; Feldman and Doschek 1978) . These studies have been largely dependent upon the recent development of space instruments which detect solar X-ray and ultraviolet emission with high spatial and spectral resolution, as well as on the availability of large interferometric arrays to observe solar radio features. The high spatial resolution of the presently available techniques has substantially changed our view of the solar corona and transition region, revealing the richness of their structure (see Noyes 1977, and Vaiana and for recent reviews). At the same time the emphasis on the observed spatial structure has allowed much more realistic models of solar active regions to be developed. * On leave from Osservatorio Astrofísico di Arcetri, Florence, Italy.
t Also at Osservatorio Astronomic© di Palmero, Italy.
The aim of this paper is to add a new piece of information by comparing for the first time high spatial resolution observations of active regions in soft X-rays and at centimetric wavelengths. The comparison provides the possibility of investigating the structure of active regions over a broad range of heights, from the chromosphere to the corona. In fact, while X-ray emission is produced only by the high-temperature coronal plasma (r e > 1 x 10 6 K), short centimetric wavelength radiation originates in deeper layers of the solar atmosphere as well. The high spatial resolution of both the X-ray and radio observations that we shall analyze then allows the point-to-point investigation of the characteristics of the solar atmosphere within active regions. We have thereby overcome the limitations of instruments with lower spatial resolution, for which the distinct X-ray and radio emission properties of the atmosphere over sunspots and over plages have remained in large part hidden.
The research discussed here was made possible by the circumstance that, during the Skylab mission in 1973, a coordinated program of observations of solar active regions at 2.8 cm was carried out by using the Stanford Radio Interferometer at the same time that the Sun was observed at X-ray and UV wavelengths by instruments on board Skylab. This coordinated observing program resulted in a large sample of 376 PALLAVICINI, VAIANA, TOFANI, AND FELLI high-resolution X-ray, UV, and radio data on active regions, further complemented by ground-based optical and magnetic data.
Given the large volume of available experimental data, this paper is intended to be the first one of a series dealing with the analysis and interpretation of solar active region observations over a broad range of wavelengths. In this first study we shall be primarily concerned with a morphological comparison of the soft X-ray observations obtained by the Stanford interferometer. In future papers (presently in preparation) we shall analyze in a more quantitative way X-ray and UV observations and try to organize the observed properties of solar active regions over the entire spectrum from X-rays to radio wavelengths within the framework of a single coherent model.
In this paper, we shall proceed first by recalling a few basic characteristics of the radio instrument and by discussing the radio observations ( § II). We then describe the X-ray observations ( § III). The comparison between the two sets of data is performed in § IV, augmented by auxiliary optical and magnetic data in § V. In the last section ( § IV) we summarize the main results of the comparison and discuss their physical significance in relation to the problem of the origin of the centimetric radiation.
II. RADIO OBSERVATIONS The radio data were obtained with the Five Element X-Band Array of the Stanford Radio Astronomy Institute during a program of observations of solar active regions, performed in 1973 August-September at the time of the second manned space mission of the ATM-Skylab. A preliminary report on the observations has been published elsewhere , and several papers have already been devoted to the analysis of particular aspects of the observed radio structure inside active regions Felli, Pallavicini, and Tofani 1975; Felli, Poletto, and Tofani 1977; Donati-Falchi et al. 1978) .
The data we shall analyze refer to the period 1973 August 28-September 13, for a total number of 12 days of observations. On each day, several active centers were in turn observed for a total duration of about six hours around the local meridian transit of the Sun (~2000UT). The technique of observation and data analysis has been described in the papers quoted above; however, for a better understanding of the data and of the derived parameters, we shall recall here some basic characteristics of the radio interferometer.
The instrument is composed of five parabolic antennas displaced along the east-west direction, and operates at a wavelength of 2.8 cm (see Bracewell et al. 1973) . With observing times of the order of a minute, the instrument provides a synthesized onedimensional brightness distribution of a limited field of view located approximately along the east-west direction. As a consequence of the synthesis technique (see, for instance, Christiansen and Högbom 1969) , the field of view, the one-dimensional brightness distribution around the east-west direction, and the angular resolution are all functions of the celestial coordinates (right ascension and declination) of the field center. For instance, at the meridian transit of the source, the east-west angular resolution (maximum value) is 16" and the corresponding field of view (minimum value) is 4!2.
The resolution perpendicular to the scan direction is that of a single antenna, equal to 7'. In order to reduce the uncertainty along this direction, the pointing was varied in declination during the observation of each region and several scans were made around the position of maximum intensity. In a later reduction, these data were used to best fit the north-south profile of the antenna beam in order to determine the northsouth position and the maximum flux density of each component.
Absolute positions, angular diameters, and flux densities are calibrated by observing extragalactic radio sources. The error on the radio flux is of the order of 10%, and the accuracy on the position is ±2"5 for the right ascension and ±20" for the declination.
The deconvolution of the one-dimensional synthesis from the interferometric antenna pattern is performed by using a fitting procedure which has been described elsewhere . Up to six Gaussian components of variable peak value, width, and position may be considered in the fitting process. The recovered brightness distribution is given by the sum of the Gaussian sources found in the deconvolution. Examples of the observed and recovered brightness distributions for some of the active regions analyzed in the present paper can be found in Felli, Poletto, and Tofani (1977) .
Given the flux F R (watts m -2 Hz -1 ) and the half power width 0 G (radians) of the Gaussian components and assuming circular symmetry, the brightness temperature T b (K) can be calculated by means of the relation where À is the wavelength in meters and k is the Boltzmann constant in MKS units. While the flux density obtained through the fitting procedure is fairly accurate, the brightness temperature derived from equation (1) may have larger inaccuracies, especially when the source size is smaller than the instrument resolution. The error in diameters having values between 10" and 30" ranges from 20% to 10%. The corresponding errors in the brightness temperature can be estimated of the order of 507 o and 30%, respectively. For components narrower than ~ 10", only an approximate lower limit for the brightness temperature can be given.
The derived parameters for the various radio components identified within the observed active regions are summarized in Table 1 . Column headings are as follows:
(1), (2), (3).-Date, McMath region number, and Universal Time of the radio observations.
(4).-Heliographic coordinates of the field center of the radio scan. * An X-ray flare is occurring in the region at the time of the X-ray photograph. 
(1)
CORONA ABOVE ACTIVE REGIONS 379 (5) .-Number of components fitted. (6) , (7), (8) -22 wattsm^Hz -1 ), half power width (arc seconds), brightness temperature T b (\0 6 K). Footnotes added to the table point out the spurious nature of some components, and note the occurrence of radio bursts at the time of the radio observation. For each day, we have also reported in column (1) under the date, the time intervals over which the X-ray observations used for comparison (see § III) were made. The occurrence of flares in some regions at the time of the X-ray observation is also reported in Table 1 .
All the active regions which were observed at 2.8 cm are reported in Table 1 and have been compared with the X-ray data. However, on some days the coverage of the solar disk at 2.8 cm was not complete; therefore, for a few active regions visible in the fulldisk X-ray photographs, no comparison with the radio data was possible.
III. X-RAY OBSERVATIONS
The soft X-ray data used for the comparison were obtained by the American Science and Engineering (AS&Ë) S-054 experiment on board Skylab. The instrument is a grazing-incidence X-ray telescope with a spatial resolution of approximately 2" on axis and sensitivity to radiation in the soft X-ray region ~2-60 Â. A full description of the instrument mode of operation and data reduction system can be found in Vaiana et al. (1977) .
The instrument records on film full-disk images of the Sun in sequences of exposures increasing by a factor of 4 from 1/64 s up to a maximum of 256 s. The availability of successive photographs with different exposure times allows coverage of the broad range of surface brightness values of solar X-ray features, from the tenuous structures of quiet areas to the brightest portions of flaring regions. Broad-band spectral resolution within the 2-60 Â range is obtained by inserting one of six different filters in the optical path. For the purpose of this work we have examined photographs obtained in a hard filter (filter 1, with nominal passband of 2-17 Â) and in a soft one (filter 3, with nominal passband of (2-32) + (44-54) Â). For a comparison of images taken in these two filters, see Figures 1 and 2 (Plates 7 and 8).
During the entire Skylab mission, sequences of photographs in different filters were obtained at least twice a day by the S-054 experiment. The frequency of observations, in terms of frames per day, was much higher than average during the first 10 days of 1973 September, approximately the same period in which the radio data discussed in this paper were obtained. For each day during that period, it was thus possible to find two successive sequences of X-ray observations (one in filter 1 and the other in filter 3) close enough in time to the radio scans to permit a meaningful comparison. The time intervals over which the X-ray observations used in the comparison were made are reported in column (1) of Table 1 .
Two kinds of information are available from the X-ray images: qualitative descriptions of the images, which relate to the morphology and evolution of structures present in the corona, and quantitative results, which provide numerical values for the physical parameters of the coronal plasma, such as temperatures and electron densities. While the first type of information is obtainable in a straightforward way, the derivation of plasma parameters is a much more cumbersome procedure, involving microdensitometer scanning of the film, conversion of the digitized density arrays in energy arrays by means of the film calibration curve, and deconvolution of the energy arrays in order to remove the effects of mirror scattering (see Vaiana et al. 1977 for details). Since both the calibration curve and the mirror-scattering properties are wavelength dependent, and the spectrum of the incident solar radiation is not known a priori, the quantitative analysis of the X-ray photographs requires an iterative procedure too long and detailed to be applied for survey type work such as the present one. For this reason, we have limited the analysis of the X-ray data mostly to the first stage, looking for average properties and general characteristics. As regards physical parameters, it is in general sufficient for our purposes to rely on typical numerical values as determined by previous published work on S-054 data (Davis et al. 1975; Vaiana et al. 1976; Rosner, Tucker, and Vaiana 1978) have been obtained, consistent with the values reported in the papers quoted above. The first relevant fact, when we observe the corona in X-rays, is that it appears highly structured, in both quiet and active regions, and that the basic structural features are in any case loops of various length and width. The correctness of this statement for the case of active regions is evident from the X-ray photographs shown in Figures 1-4 (Plates 7-10), in which the exposure has been chosen to emphasize active region structures. A comparison of X-ray arch-shaped structures with potential field extrapolations of the photospheric magnetic field suggests that these loops outline the three-dimensional configuration of the coronal magnetic fields. The picture which emerges from the X-ray observations is substantially more complex than that suggested by the lower-resolution radio data which also suffer from the integration along the north-south direction. This fact affects the accuracy of the comparison, which therefore will be limited to the most outstanding features, in any case to structures larger than the radio data resolution.
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Vol. 229 PALLAVICINI, VA1ANA, TOFANI, AND FELLI Second, Skylab observations have shown that the coronal structures vary over a broad range of different time scales. Apart from very rapid transient phenomena such as flares (Kahler, Krieger, and Vaiana 1975; Pallavicini, Serio, and Vaiana 1977) , coronal X-ray active regions show both short-term variability (on time scales of hours and days) and long-term variations (over a period of several solar rotations). Individual loop structures inside active regions may show some variation on a time scale of hours, but substantial rearrangements of loop complexes and variations of the average brightness usually occur in a time scale of the order of a few days . This is consistent with what is found at 2.8 cm radio wavelengths (Donati-Falchi et al 1978) . Since we compare X-ray images and centimetric radio scans no more than a few hours apart (see Table 1 ), we expect no substantial change in the general configuration of active regions during that time interval. Indeed, for those cases for which we had X-ray and radio data over extended periods of time, the assumption of no substantial variation is confirmed. Only dramatic changes, such as those associated with flares, will be taken into account, and have already been reported in Table 1 .
IV. COMPARISON OF X-RAY AND CENTIMETRIC OBSERVATIONS
In order to compare X-ray and radio emission from active regions, we have made overlays of the nondeconvolved one-dimensional brightness distributions observed at 2.8 cm on the X-ray photographs of the Sun. A few examples of these overlays are shown in Figures 1-4 , where three different days are displayed. For one day (1973 September 4) both the X-ray photographs in filter 1 and filter 3 are shown.
To make the overlays, we need to determine the position of the center of the radio scan with respect to the X-ray photograph, taking into account the time difference between the two observations. Since the alignment is the critical factor in this study, a detailed description of the procedure used is appropriate.
From the pointing information of the radio interferometer, we have determined the difference between the celestial coordinates of the center of the radio scan and those of the center of the Sun at the same time. With the aid of these values, we have reported on the X-ray photograph the position of the center of the radio scan with respect to the center of the solar disk and the direction of the north pole. The latter direction was determined on the X-ray photographs through fiducial marks and knowledge of the telescope pointing; the center of the disk was obtained from the determination of the solar limb in long exposures.
The time difference between the X-ray photograph and the radio scans obtained on the same day has been compensated for by rotating the radio scans to the time of the X-ray photograph. The photospheric synodic differential rotation rate has been used, that is (Allen 1973 
where 0 is the rotation rate (in degrees per day) and is the heliographic latitude. Since the time difference between the X-ray and radio observations of the same active region is never more than a few hours, the correction due to rotation is generally small (;$2 0 ), and possible differences between the rotation rate of the radio sources and that given by equation (2), as well as possible differences in height, are negligible.
Besides the accuracy of the radio instrument pointing (see § II), the principal sources of error in the alignment of X-ray and radio regions are the determination of Sun center and of the direction of the solar north on the X-ray photographs. Since the radio data are integrated along the north-south direction, the critical point remains the determination of the east-west alignment, whose accuracy will depend on the polar coordinates of the region on the solar disk. For the range of heliographic latitudes pertinent to the regions studied, we have estimated that the typical error in the alignment is of the order of ~ 10" (actually ranging from ~5" to ~15", according to the heliographic position of the source). Since the alignment was made independently on each day, one can be most confident in those features of the correspondence between X-ray and radio sources which appear to remain unchanged for several days in the same active region (a particularly significant example will be the correspondence between high brightness temperature radio components and sunspots discussed below).
In the overlays shown in Figures 1-4 , the observed radio brightness distributions are plotted in arbitrary units, together with the drawing of a reference cross which indicates the east-west extent of the radio onedimensional synthesis field and the north-south angular resolution. The intersection of the large cross hairs is the position of the radio field center at the time of the X-ray photograph. For clarity in the overlay the plot of the radio brightness has been shifted upward, and the zero level of the distribution should not be referred to the east-west line of the large cross. Units of the radio brightness plots are the same for all regions. The significance of the small thick cross which appears in some of the regions will be explained later (see § V).
As a first result, the comparison has shown that there is an overall correspondence between X-ray and radio sources, as expected for activity centers. Regions of enhanced X-ray emission appear associated as a whole with regions of enhanced microwave emission. Significant differences, however, are also present. In particular, bright narrow components at 2.8 cm appear coaligned with regions of very weak or virtually absent X-ray emission.
On the basis of the detailed spatial comparison between X-ray and radio structures, we have found it possible to distinguish between two different types of associations: (a) radio components which overlie bright X-ray structures; (6) radio components not associated with bright X-ray regions.
The first type of radio component has in general low brightness temperature, on the average ~2.3 x 10 5 K. The size of such components is of the order of 30" or No. 1, 1979 CORONA ABOVE ACTIVE REGIONS more, and their ensemble in general coincides, at least in the east-west direction, with the extent of the X-ray loop structures. Several examples of this first type of source are collected in Figure 5 (Plate 11). Although the low brightness temperature radio components show an overall correspondence to bright X-ray regions, it was not possible to find a detailed one-toone association in position and size between X-ray features and these radio structures. Whether this fact is due to image degradation introduced by the lower spatial resolution of the radio observations, or to temporal variations or, finally, to intrinsic differences, remains to be determined. The second type of association between X-ray and radio structures that we have been able to identify is illustrated by several examples given in Figure 6 (Plate 11). Narrow radio components with high brightness temperatures (^ 1.8 x 10 6 K, on average) and narrow widths (less than ~ SO") are located at places where the X-ray emission is very low or absent. The high brightness temperatures and narrow widths appear to be the distinctive properties of these radio components, which in terms of radio flux are undistinguishable from those of the previous group. In two cases (regions McMath 12507 and 12510) the active region has been followed for the entire transit across the disk. It appears that, although the radio flux can vary from one day to another (see also Donati-Falchi et al. 1978) , the presence of a high brightness temperature component is a permanent characteristic of the active region, and not a product of a transient event. Further, the association with low X-ray emission levels persists during the entire transit across the disk.
The principal characteristics of the two types of radio sources are summarized in Table 2 , which gives both average value and range for the brightness temperature, size and flux. The overlapping ranges for these parameters suggest that the two groups of radio sources may be considered as extreme cases of an otherwise continuous range of different situations.
V. COMPARISON WITH OPTICAL AND MAGNETIC DATA
The existence of two different types of association between X-ray and microwave structures has been further investigated with the aid of Ha and white-light images, as well as of magnetograms of the same active centers. The white-light images were obtained by a telescope parallel to and with the same focal plane as the X-ray telescope on board Skylab, ensuring excellent alignment between X-ray and white-light images. The 381 Ha images are patrol photographs provided by NOAA ; the magnetograms were obtained at KPNO.
We have found that the low brightness temperature radio components, associated with enhanced X-ray emission, are well correlated in position with plage areas either adjacent to or around sunspots, or not associated with sunspots at all. On the contrary, the high brightness temperature radio components, not associated with bright X-ray structures, appear to be aligned with the position of large sunspots. The two extreme cases are shown in Figures 7 and 8 (Plate 12) where, in addition to the X-ray and radio overlay, a magnetogram, Ha, and white-light images are shown.
The association of high brightness temperature radio components with sunspots had been previously found either with low-resolution observations (see, for instance, Kundu 1965; Zheleznyakov 1970) or, more recently, with high-resolution aperture-synthesis measurements (Kundu et al. 1977) . Felli, Poletto, and Tofani (1977) , by comparing some of the Stanford radio data discussed in this paper with photospheric magnetic field maps obtained at KPNO, found that high brightness temperature radio components with Tt, > 5 x 10 5 K always appear to overlie regions of enhanced magnetic field (>2000 gauss), where the magnetic structure is more concentrated and the field primarily longitudinal. The radio components with low brightness temperature (T^ < 5 x 10 5 K) appeared, on the contrary, to be located between the two magnetic polarities and therefore in regions of mainly transverse field.
On the basis of sunspot data from Mount Wilson {Solar Geophysical Data 1973) and Rome {Solar Phenomena 1973) we confirm these early results for our larger and more statistically significant sample of data. More important, we further point out the existence of an anticorrelation between the level of X-ray emission and the value of the brightness temperature of the associated radio component. As we shall discuss in the next section, this inverse correlation places constraints on models of active regions and on the nature of the emission mechanism responsible for the radio components.
On a more quantitative basis, we have found that the degree of correspondence between X-ray and radio emission depends on both the magnetic field strength and the sunspot area (hence, on magnetic flux). We have found in fact that the high brightness temperature radio components not associated with bright X-ray structures (see, for instance, Fig. 7 ) are located over large sunspots with high magnetic field strength. According to Mount Wilson measurements, the photospheric magnetic field in all cases exceeded ~ 2000 gauss and the corresponding spot area was greater than ~ 100 millionths of the solar hemisphere; 1 for typical cases (McMath 12510 and 12507), the area was ~ 300 millionths of the solar hemisphere. In contrast, the low brightness temperature components associated with enhanced X-ray emission (see, for instance, Fig. 8 ) appear to be located over plage areas associated with lower magnetic field strengths. If spots are present, they are small (area less than ~ 100 millionths of the solar hemisphere) with a maximum magnetic field strength below ~ 2000 gauss.
In our overlays (see Figs. 1-8 ) we have indicated with a small thick cross the position and approximate size of large sunspots with a maximum magnetic field strength (according to Mount Wilson) in excess of ~ 2000 gauss. An apparent exception of the general behavior described above is represented by McMath region 12501 on August 28 (see Fig. 3 ). This region shows, in addition to a plage area, a relatively large, high magnetic field strength (~2000 gauss) sunspot at the center of a diverging system of X-ray loops; the radio scan does not show a high brightness temperature component aligned with the sunspot. However, even in this case, the X-ray emission was very low and virtually absent over the spot, and a narrow (HPW = 12") radio component was located there, although with a moderate brightness temperature (r & ~ 4.4 x 10 5 K). Whether or not the portion of this region above the sunspot represents an intermediate case between our two groups remains presently unclear. We only point out that the spot area ( ~ 100 millionths of the solar hemisphere) is lower (by at least a factor of 2) than for all the other observed regions associated with high brightness temperature radio components.
VI. SUMMARY AND DISCUSSION
In this paper we compare, for the first time, high spatial resolution observations of solar active regions in soft X-ray and centimetric wavelengths. We find that there is an overall correspondence in position and size between regions of enhanced X-ray emission and regions of enhanced microwave emission. The detailed comparison has shown, however, that significant differences are also present. In particular, we have found that bright X-ray structures are generally associated with plage areas with photospheric magnetic fields <2000 gauss; when observed at radio wavelengths, these show the presence of spatially extended components (>30") with low brightness temperature (average T*, ~ 2 x 10 5 K). Narrow radio components (<20") with high brightness temperature (average T b ~ 1.8 x 10 6 K) appear to be associated with regions of very low or virtually absent X-ray emission; these overlie large sunspots with photospheric magnetic fields in excess of ~ 2000 gauss.
These observations suggest that substantial differences exist between the emission properties of the 1 One millionth of the solar hemisphere corresponds to 3.04 x 10 16 cm 2 .
atmosphere over sunspots and that over plages and that the difference may be related to the average intensity of the magnetic field, which is higher over sunspot umbrae than over plage areas. These differences lead us to separate our discussion of the X-ray and radio association for these two apparently distinct regimes.
d) Low Brightness Temperature Components
The interpretation of the extended low brightness temperature components associated with bright X-ray structures is straightforward. Quantitative analyses of soft X-ray data from Skylab (Davis et al 1975 ; Vaiana et al. 1976) , as well as preliminary quantitative reduction of the X-ray data for one of our regions, have shown that in coronal active region structures the electron temperature varies over a narrow range of values, from ~2 x 10 6 K to ~3 x 10 6 K, while the average electron density over the observed volume can vary at most by one order of magnitude, from ^ 1 x 10 9 cm" 3 to~l x 10 10 cm~3. For an isothermal region with a typical size of ~4 x 10 9 cm (~T)> and assuming T e ~ 2.5 x 10 6 K and n e ~ 5 x 10 9 cm -3 , the optical depth at 2.8 cm for free-free absorption is (Bekefi 1966 ) r ff ~ 5 x 10" 2 « 1. The X-ray emitting coronal portion of active regions is, therefore, optically thin at centimetric wavelengths, thus allowing the underlying atmosphere at lower temperature and higher density to be also seen at 2.8 cm.
With the typical parameters assumed above, the brightness temperature at 2.8 cm expected from the X-ray region is T b ~ r ff r e ~ 1 x 10 5 K; the radio flux from the optically thin region is ~2.5 s.f.u. The underlying region (assumed with the same size as the coronal region above) will contribute to the radio flux by approximately the same amount if it becomes optically thick at 2.8 cm at the level where the electron temperature T e ~ 1 x 10 5 K. This is consistent, for instance, with the results of Doschek and Feldman (1978) and Feldman and Doschek (1978) , who give density values « e ~ 1 x 10 11 cm' 3 at T e ~ 1 x 10 5 K in solar active regions. However, the exact contribution of the optically thin coronal region and of the optically thick underlying region will depend in general on the actual atmospheric structure of the active center.
The derived radio fluxes and brightness temperatures appear consistent with the values given in Table 2 for the extended radio components associated with bright X-ray structures. We therefore attribute the X-ray emission over plage areas to hot coronal loops (as visible in the X-ray images) and the associated microwave emission partly to the X-ray source itself and partly to the underlying cooler and denser atmosphere, probably the footpoints of X-ray loops, as suggested by Pallavicini and Vaiana (1976) . A direct way of testing this interpretation would be to compare the X-ray and radio emission of the same active region on the disk and at the limb. However, continuous radio observations of a region throughout its limb setting are not available in our interferometric data;
No. 1, 1979 CORONA ABOVE ACTIVE REGIONS 383 moreover, the physical interpretation of the comparison would be in any case obscured by the smallness of the expected effect and by the dependence of the propagation of radio waves (even thermally emitted) upon the unknown direction of the magnetic field.
b) High Brightness Temperature Components We have investigated three possible models which may be sought to account for the compact high brightness temperature (T b ~ 2 x 10 6 K) radio components overlying sunspots. The following discussion details the relative difficulty of interpreting these observations as opposed to those of the more diffuse low brightness temperature components discussed above.
i) Thermal Free-Free Emission If the high brightness temperature components originated in a coronal region optically thick at 2.8 cm because of free-free absorption, the electron density must be substantially higher than in typical coronal active regions. As a consequence, the X-ray surface brightness would be quite high, and we would then expect to see bright X-ray structures associated with the narrow radio components observed over sunspots. This is not the case.
More precisely, as far as the X-ray emission and the free-free optical depth are concerned, what matters is the emission measure jn e 2 dl along the line of sight; for T e ~ 2 x 10 6 K, an optical thickness r ff > 1 at 2.8 cm requires Jn e 2 dl > 1.6 x 10 30 cm -5 , about one order of magnitude larger than typical values found for bright X-ray loop structures overlying plage areas . The X-ray surface brightness observed over large sunspots is substantially lower than over plage regions and is instead comparable to that of large-scale structures typical of "quiet" areas of the solar corona (Vaiana, Krieger, and Timothy 1973; Vaiana et al. 1976) ; for these structures, the emission measure $n e 2 dl ~ 10 27 cm" 5 s while the temperature (T e~ 2 x 10 6 K) is only slightly less than for active regions Maxson and Vaiana 1977) . Assuming these values for the coronal portion of active regions above large sunspots, we find that the corona is optically thin at 2.8 cm (r ff ~ 6 x 10 -4 ) and its contribution to the observed radio flux from an area typically less than ~20" across should be neglible (<4 x 10 _3 s.f.u.). This conclusion would be reinforced if the observed X-ray brightness over large sunspots is mostly scattered light from nearby bright plage areas (Maxson and Vaiana 1977) . We therefore conclude that the absence of conspicuous X-ray emission in regions where high brightness temperature (r b > 1 x 10 6 K) radio components are observed, strongly argues against the interpretation of the microwave emission above sunspots as originating in a dense coronal region optically thick at 2.8 cm by the freefree process.
ii) Nonthermal Gyrosynchrotron Emission An obvious way to overcome the above difficulty is to suppose that the bright radio components over sunspots are produced by some nonthermal process such as synchrotron emission by nonthermal electrons, in analogy with what has been suggested for impulsive microwave bursts (see, for instance, the review by Takakura 1967) . If the ambient density is as low as ~ 10 8 -10 9 cm -3 and the magnetic field in the emitting region is ~10 3 gauss, the lifetime of nonthermal electrons with energy is ~ 100 keV against gyrosynchrotron losses is ~250 s (Takakura and Kai 1966) ; this is much smaller than the time interval Ai > 10 6 s over which a high brightness temperature radio component is observed to persist in the same active region. As a consequence, a continuous injection of nonthermal particles is required. The low ambient density of the emitting region (<1 x 10 9 cm -3 ) could explain the absence of conspicuous X-ray emission over sunsposts.
The principal difficulty of any nonthermal mechanism is the observed stability (in both flux and size) of the high brightness temperature radio components over periods of several days (this paper and DonatiFalchi et al. 1978) , which requires a continuous supply of nonthermal particles. However, the brightness temperatures found for these components (7^ ~ 2 x 10 6 K) appear to lie at the lower limit of the brightness temperature range generally found in impulsive microwave bursts (T fe ~ 10M0 9 K). Consequently, less stringent requirements are imposed on the energetic particle supply. For instance, if no effective absorption process is operating, the average density (over a volume with size of the order of ~20") of nonthermal electrons with energy ~ 100 keV needed at any instant to produce a radio component with intensity of only a few solar flux units may be extremely small, possibly as low as ~ 10-100 cm -3 (see Ramaty and Petrosian 1972) . In the absence of detailed observations of the spectrum of intensity and polarization for sunspot-associated bright radio components, and in the absence of any specific mechanism for continuous particle acceleration, we can only conclude that the assumption of a continuous injection of a small number of nonthermal particles over periods as long as several days remains presently an interesting speculative hypothesis, neither supported nor contradicted by other direct observational evidence.
iii) Cyclotron Emission by Thermal Electrons
A third possibility to be considered is that in a thermal plasma, in which a strong magnetic field is present, the absorption coefficient for radio waves is determined not only by the free-free process but also by resonance absorption at the harmonics of the gyrofrequency (often referred to as cyclotron emission; Zheleznyakov 1962 Zheleznyakov , 1964 Kakinuma and Swamp 1962; Zlotnik 1968; Tucker 1975) . The high brightness temperatures (r b > 1 x 10 6 K) observed over sunspots could, therefore, be due to a corona which is optically thin at 2.8 cm by the free-free process, but optically thick at the same frequency by the gyroresonance absorption process (Zheleznyakov 1970; Felli, Pallavicini, and Tofani 1975; Kundu et al. 1977) .
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PALLAVICINI, VAIANA, TOFANI, AND FELLI Vol. 229 This mechanism requires a high magnetic field strength (~ 10 3 gauss) at coronal levels (such as may exist only over sunspot umbrae), and imposes far less severe requirements on the ambient coronal density, thereby allowing one to overcome the difficulty encountered by the free-free absorption process in accounting for the lack of X-ray emission.
In order to evaluate the effect of gyrorésonance absorption, one requires a model atmosphere as well as a model for the intensity and the direction of the magnetic field at different heights in the solar atmosphere. A detailed computation along these lines is beyond the scope of the present paper. Preliminary calculations, performed by using extrapolations of the photospheric magnetic field in the current-free approximation (Poletto, private communication), together with typical plasma parameters consistent with our X-ray and radio observations (Tg ~ 2 x 10 6 K, < 5 x 10 9 cm -3 ), indicate that unit optical depth in the corona due to the gyrorésonance absorption process can be obtained for the extraordinary mode at the third harmonic of the gyrofrequency, provided the angle between the direction of the magnetic field and the line-of-sight is not too small (say >20°). If the angle is only slightly larger (>30°), and the electron temperature the same (r e ~ 2 x 10 6 K), the density can be lower by a factor of 4 with respect to typical values (n e ~ 5 x 10 9 cm" 3 ) over plage areas; the emission measure J n e 2 dl, and hence the X-ray emission, can be, therefore, lower by more than one order of magnitude over sunspots as compared with plageassociated regions. By taking into account the averaging effect introduced by the radio instrument response as well as the expected divergence of the magnetic field lines over sunsposts, it is feasible to obtain effective angles > 30°. What is most important is that the magnetic field must decrease with height sufficiently slowly that high (> 10 3 gauss) magnetic field strengths occur at coronal levels. For example, for radiation with wavelength of 2.8 cm, the third harmonic of the gyrofrequency implies a magnetic field of ~ 1300 gauss; for a large sunspot with a photospheric magnetic field ~ 2500 gauss (such as, for instance, the spots in McMath regions 12507 and 12510), the magnetic field may have a value of the order of ~1300 gauss at a height of ~ 8000 km above the photosphere. According to presently available models of active regions (Jordan 1976; Rosner, Tucker, and Vaiana 1978) , this height is compatible with an electron temperature > 1 x 10 6 K. The gyrorésonance absorption hypothesis, although model dependent for a detailed estimate of its effects, appears quite promising in reconciling the presence of high brightness temperature radio components with the low X-ray emission observed over sunspots. Additional constraints on the nature of the centimetric radiation could come from polarization measurements at different frequencies. Such measurements were not possible with the Stanford interferometer; also, the measurements made so far by other authors (see, e.g., Kundu et al. 1977) are generally limited to one frequency. We wish, however, to point out a possible difficulty encountered by the gyrorésonance hypothesis. Ultraviolet observations from Skylab (Foukal et al. 1974; Foukal 1976 Foukal , 1978 have shown that line emission of ions formed in the upper transition region at temperature 10 5 K < T e < 10 6 K appears strongly enhanced directly over sunspot umbrae with respect to the emission over plage areas. This fact, together with the finding that the plasma density over sunspots cannot be greater than over plages (Foukal et al. 1974) , suggests that the geometrical thickness of the material at temperatures between ~ 1 x 10 5 K and ~ 1 x 10 6 K must be larger over sunspots than over plages, a conclusion further supported by the observation, close to the limb, of columns of cool material extending up to heights of the order of ~ 10 5 km. If this conclusions holds for the active regions with large sunspots that we have analyzed in this paper, and if the columns of cool material cover the whole umbra area, the gyrorésonance mechanism may be inadequate to explain our combined X-ray and radio observations. For instance, if the geometrical thickness of the material at r e < 1 x 10 6 K is far in excess of ~ 10 4 km, the layers at which gyrorésonance absorption may occur (layers whose height depends on the way the magnetic field decreases with height over the spot) will all be located at levels where the electron temperature is substantially lower than the coronal temperature. In this case it will be impossible to obtain brightness temperatures > 1 x 10 6 K via gyrorésonance absorption.
In conclusion, our results clearly indicate that a proper interpretation of the structure and physical properties of the atmosphere above active regions, taking account of all the presently available data, is still lacking. This problem is particularly evident in the case of the sunspot-associated high brightness temperature radio components. Three different emission mechanisms have been considered in this case, all meeting with some possible internal inconsistency. Table 3 summarizes the requirements of the models considered, together with the observed physical parameters following our discussion above. Our conclusions follow:
1. Free-free coronal absorption seems to be ruled out by the two to three orders of magnitude difference between the observed and expected X-ray emission above sunsposts.
2. A nonthermal process, such as gyrosynchrotron emission by energetic electrons, can simply explain both the bright radio components and the absence of enhanced X-ray emission; however, it requires the a priori presence of continuous acceleration of nonthermal particles in solar active regions.
3. Cyclotron emission by thermal electrons is compatible with both the X-ray and radio data, but appears to conflict with the reported presence of high columns of cool material seen in UV lines above sunspot umbrae.
We are presently analyzing (Pallavicini, Rosner, and Vaiana 1979 ) the UV observations of the same active regions as considered here, made by the Harvard S-055 experiment on Skylab over the period 1973
No. 1, 1979 CORONA ABOVE ACTIVE REGIONS August 28-September 13; our aim is to determine the detailed temperature and density structure of the solar atmosphere above both sunspots and plages, using these data together with the observations considered here. The analysis of spatially resolved images obtained in lines of ions formed over a broad range of temperatures, from T e ~ 10 4 K to r ? ~ 10 6 K, appears to be crucial for a comparison with the microwave data which originate over the same broad range of heights, from the chromosphere to the corona. : an example of a region with low brightness temperature radio components associated with bright X-ray structures. From left to right and from up to down: {a) X-ray-radio overlay ; (¿)) Ha image from NOAA; (c) white-light image from on board Skylab; (d) magnetogram from KPNO. The Universal Time reported below the X-ray-radio overlay refers to the X-ray photograph (16 s exposure, spectral band 2-17 Â). The radio scan was taken at 2033 UT. The small sunspots in McMath 12512 had a maximum magnetic field lower than ~2000 gauss. The tiny dots scattered over the white-light image were produced by dust contamination in the white-light telescope.
